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Summary 

As a spin-off of a system developed for monitor- 
ing and controlling the oxygen concentration in the 
Langley 8-Foot High-Temperature Tunnel, a highly 
accurate on-line technique has been developed for de- 
termining heats of combustion of natural gas sam- 
ples. It is based on measuring the ratio m/n, where 
m is the (volumetric) flowrate of oxygen required to 
enrich the carrier air in which the test gas flowing at 
the rate n is burned, such that the mole fraction of 
oxygen in the combustion product gases equals that 
in the carrier air. The m/n ratio is directly related 
to the heats of combustion of the saturated hydro- 
carbons present in the natural gas. 

A measurement of the m/n ratio for the test 
gas can provide a direct means of determination 
of its heat of combustion by using the calibration 
graph relating the m/n values for pure saturated 
hydrocarbons with their heats of combustion. The 
accuracy of the technique is determined solely by 
the accuracy with which the flowrates m, and n can 
be measured and is of the order of 2 percent in 
the present study. The theoretical principles and 
experimental results are discussed. 

Introduction 

We recently developed a system for monitoring 
and controlling the oxygen concentration in the Lan- 
gley 8-Foot High-Temperature Tunnel (ref. 1). It 
is based on a Y 2 03 -stabilized Zr0 2 electrochemical 
sensor. The system is capable of maintaining oxygen 
concentration at 20.9 ±1.0 percent in the methane- 
oxygen-air combustion product gases. During the de- 
velopment of the system, it was noted that the degree 
of the required oxygen enrichment of the air was very 
strongly dependent on the purity of the combustible 
gas (CH4). For example, it was noted that the pres- 
ence of traces of noncombustible components — such 
as N 2 , C0 2 , or H 2 0— noticeably affected the amount 
of oxygen that needed to be added to the air to make 
the mole fraction of oxygen. X(0 2 ), in the combus- 
tion product gases equal to that in the standard air. 
It was quickly realized that the reverse was also true, 
that is, the purity of the combustible test gas could be 
inferred by measuring the amount of oxygen needed 
for A^(0 2 ) equalization (ref. 2). It is now demon- 
strated that the technique can be further extended to 
infer the presence of heavier saturated hydrocarbons 
in the combustible test gas (natural gas) as well. It is 
assumed that saturated varieties are the only types 
of hydrocarbons found in the natural gas samples. 
According to reference 3, saturated hydrocarbons are 
the predominant varieties present in U.S. natural gas 
samples. Since the heat of combustion of natural gas 


depends on its effective hydrocarbon content, mea- 
surement of the amount of oxygen needed for X(0 2 ) 
equalization can be used for direct determination of 
the thermal content of the test gas (natural gas). De- 
tails of the theory of operation of the new system and 
the experiments conducted to verify its accuracy are 
discussed in the following sections. 

The heats of combustion of gaseous hydrocarbons 
are presently determined by using a constant pres- 
sure flame calorimeter (ref. 4). However, calorimet- 
ric measurements cannot be made on-line and require 
information about the thermal properties of the com- 
bustion products of the test sample. The technique 
reported here, on the other hand, is direct, can be 
performed 011 -line, and requires no prior knowledge 
about the composition of the test sample. 

Symbols 

A = 4 A'(0 2 )(1 — /) ± /{4x ± 

[i±*(o 2 )M 

m4x+[l+ X(02)]y for / = 1 

= 4 X(0 2 ) for / = 0 

A depends only on the composition of 
the test gas and the mole fraction of 
oxygen in the air used for combustion 

C x H y hydrocarbon (for saturated hydrocar- 

bons, y — 2x ± 2) 

/ combustible fraction of test gas 

/ noncombustible impurities (such as 

N 2 , CO*2, and H 2 0) in test gas 

l volumetric flowrate of carrier air 

stream 

m volumetric flowrate of oxygen 

n volumetric flowrate of test gas (mix- 

ture of saturated hydrocarbons and 
noncombustible impurities) 

seem standard cubic centimeters per 

minute; values listed are for 20°C and 
101.3 kPa 

X(0 2 ) rnole fraction of oxygen 

a m/n for X^(0 2 ) = 0.2095 (standard 

air) 

AH heat of combustion 

Theoretical Principles 

A general expression for the combustion of a 
natural gas sample in oxygen-enriched air can be 



written as follows: 

/(Air) + m(C> 2 ) + nf (C x H y ) + n(l - /)(/)-*•/( Air) 
+ n/:c(C0 2 ) + |/y(H 2 0) 

+ ( m — nfx- ^fy)(0 2 ) + n(l - /)(/) (1) 

where 

Cj H v + / test gas 

CjHy effective hydrocarbon in test gas 

/ noncombustible impurities in test 

gas 

/ combustible fraction of test gas 

The mole fraction of oxygen in the products of 
equation (1) is given by 


*((> 2 ) - 


0.2095/ + 

m-2f{4z + y) 


/ + 71 f x + ^ fy + 

m 

- ^(4x + y) 

+ 7l(l - j 


0.2095/ + 


m - + y) 


l + m + n + n/ ( ^ ^ 4 ) 

If X(() 2 ) = 0.2095, we obtain 

0.838(1 - /) + f(4x + 1.2095y) _ m 
3.162 77 


( 2 ) 


(3) 


If / — 1 (i.e., the test gas has no noncombustible 
impurities), equation (3) reduces to 


Ax + 1 .2095# _ m 
3. 162 n 


( 4 ) 


This equation is identical to equation (6) in refer- 
ence 2. If, on the other hand, / = 0 (i.e., no com- 
bustible fraction is present in the test gas), equa- 
tion (3) reduces to 


0.2650 = 


rn 


( 5 ) 


(leneralizing equation (3) for nonstandard air, wo 
obtain 

l.V(() 2 )(l - /) + / Qj + [1 + A'(() 2 )] y) 


Ml - V(0 2 )] 
.1 rn 


4 [1 - X(() 2 )] n 


(<>) 


TABLE I. SUMMARY OF m/n VALUES FOR 
SELECTED SATURATED HYDROCARBONS 

[X(0 2 ) = 0.2042 and 0.2095] 


Hydrocarbon 

Chemical 

formula 

m/n for - 

*(0 3 ) = 
0.2042 

X(0 2 ) = 
0.2095 

Methane 

ch 4 

2.770 

2.795 

Ethane 

c 2 h 6 

4.783 

4.825 

Propane 

C- 3 H 8 

6.796 

6.855 

Butane 

C4H,o 

8.809 

8.885 

Pentane 

C 5 H 12 

10.823 

10.915 

Hexane 

< ’g H 1 4 

12.836 

12.945 

Heptane 

C 7 H, u 

14.849 

14.975 

Octane 

e 8 ii 1K 

16.862 

17.005 

Nonane 

(’ 9 H 20 

18.875 

19.035 

Decane 

C/ 10 H 22 

20.888 

21.065 


The values of m/n for some of the pure saturated 
hydrocarbons in standard and nonstandard air are 
summarized in table I. 

Figure 1 shows the correlation between A and 
m/n for selected saturated hydrocarbons. It is ap- 
parent that A and m/n are linearly related. If 
/ / 1, m/n values for various impurity-containing 
hydrocarbon gases will be different from those for 
pure hydrocarbons. An experimental measurement 
of m/n will then give /, the combustible fraction 
in the test gas. The correlation between A and 
m/n for binary gas mixtures is shown in figure 2. 
Figures 1 and 2 clearly demonstrate that the m/n 
values for gases containing saturated hydrocarbons 
are uniquely related to their hydrogen and carbon 
contents. 
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Figure 1. A ;is a function of m/n for pure unbraiicliod 
acyclic hydrocarbons. .Y(() 2 ) = 0.2042; A = 4 A'(()2) 
(1 /) t / { 4 jt + (I \ .Y((>a)lw}. 
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Figure 2. A as a function of m/n for binary mixtures 
of saturated hydrocarbons and noncombustible gases. 
X(0 2 ) - 0.2042: A - 4 X(0 2 )(1 - /) + /{ 4x + [1 + 
X(0 2 )}y}. 

If the test gas is not a pure single hydrocarbon 
but is a mixture of two or more hydrocarbons, equa- 
tion ( 6 ) can be used to readily calculate the m/n 
value for the “effective” test hydrocarbon. For ex- 
ample, for a test gas containing equal mole fractions 
of CH 4 and C^Hg, the effective equivalent hydro- 
carbon would be C 1 . 5 H 5 . 0 , giving m/n = 3.81 for 
X(0 2 ) — 0.2095. If this mixture also contained an in- 
combustible impurity, the corresponding m/n value 
would be lower, as indicated by equation ( 6 ). Fig- 
ure 3 shows A as a function of m/n for / ^ 1 for test 
gases containing several saturated hydrocarbons as 
well as noncombustible gases. Again the uniqueness 
of the correlation between A and m/n is evident. 

Because m/n values for various test gases con- 
taining saturated hydrocarbons are related to their 
chemical composition, they can serve as the basis for 
direct determination of heats of combustion. Table II 
lists the gross heats of combustion of several pure sat- 
urated hydrocarbons (refs. 5-8). 

Figure 4 shows heat of combustion (in kilocalo- 
ries per mole) versus m/n value for several selected 
saturated hydrocarbons. Similar results for mixtures 
containing selected saturated hydrocarbons and non- 
combustible gases are illustrated in figure 5. It is ap- 
parent that the heats of combustion of various gases 
are directly related to their corresponding m/n val- 
ues. An experimental determination of m/n for the 
test gas is, therefore, expected to provide an on-line 
determination of its heat of combustion. 



Figure 3. A as a function of m/n for complex mixtures 
of saturated hydrocarbons and noncombustible gases. 
X(0 2 ) - 0.2042; A = 4 X(0 2 )(1 - /) 4- /{ 4x + [1 + 
X(0 2 )]y}. 

TABLE II. GROSS HEATS OF COMBUSTION AH OF 
SELECTED SATURATED HYDROCARBONS 


Hydrocarbon 

m/n 

[X(0 2 ) = 
0.2095] 

AH , 

kcal/mol 

AH 
m/n ’ 

kcal/mol 

ch 4 

2.795 

212.80 

76.14 

c 2 h 6 

4.825 

372.82 

77.27 

c 3 h 8 

6.855 

530.61 

77.40 

C4H10 

8.885 

687.65 

77.39 

c 5 h 12 

10.915 

845.10 

77.43 

CeHu 

12.945 

1002.55 

77.45 



Figure 4. Heats of combustion versus m/n values for satu- 
rated hydrocarbons. X(0 2 ) = 0.2042. 
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Figure « r >. Heats of combust ion versus mjn values for gas 
mixtures containing saturated hydrocarbons and non- 
combustible impurities. X (O 2 ) = 0.2042. 


Experimental Procedures and Results 

The experimental plan involved measuring m/n 
values for the following kinds of test gas samples: 

1. Pun 1 saturated gaseous hydrocarbons (meth- 
ane, ethane, propane, butane, etc.) 

2. Binary mixtures of selected saturated hydro- 
carbons (i.e., no noncombustible components) 

d. Binary mixtures containing a saturated hydro- 
carbon and an inert gas 

1. Gaseous mixtures containing several satu- 
rated hydrocarbons and selected noncombustible 
impurit ies. 

Figure 6 shows a schematic diagram of the exper- 
imental system used for measuring m/n values for 
the test gas samples (refs. 1 and 2). 


Determination of m/n Values for Pure 

Hydrocarbon Gases 

Since m/n values are strongly dependent on the 
mole fraction of oxygen, X( 0 * 2 ). pure bottled dry air 
was used to supply the carrier air stream. A gas chro- 
matographic analysis of this air gave an X(02) value 
of 0.2042 ± 0.0050. The Zr0 2 sensor output was 
first recorded for the carrier air stream. Next, the 
products of combustion of selected hydrocarbons in 
oxygen-enriched air were directed through the Oj- 
sensing system. The oxygen flowrate (m) was ad- 
justed until the ZrCW sensor output matched that for 
air. These measurements were repeated for a number 
of hydrocarbon flowrates (n) while t he air flowrate (/) 
was held constant. It should perhaps be emphasized 
that n in the parameter m/n represents the volume 
flowrate for the test gas rather than the conventional 
mass flowrate. It will t herefore be necessary to use a 
volume flowmeter for metering the test gas flowrate. 
We used a positive displacement dry test meter for 
measuring the true volume flowrate (n) of the test 
gases. A dry test meter was preferred over the wet 
test meter, since the latter would allow the test gases 
to come in contact wit h water (or some other selected 
fluid) during passage 1 through the meter and thereby 
affect, the combustible fraction in the test sample. 
Three gases with widely different thermal character- 
istics were used to measure the accuracy with which 
the dry tost meter measured their flowrates. 'Flu 1 
data summarized in table III demonstrate that the 
dry test meter gives as accurate a volume flowrate 
value as the widely used thermal mass flowmeters. A 
comparison of the experimental and the calculated 
values for various saturated hydrocarbons is given in 
table IV. 


AIR 



Figure (>. Kxperimental system For determining heats of combust ion of hydrocarbon gases. 
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TABLE III. COMPARISON OF DRY TEST METER AND 
THERMAL MASS FLOWMETER FLOWRATES IN THE 
RANGE OF 500 1500 seem 


Test gas 

Flowrates, seem, measured by 

Dry test meter® 

Thermal mass 
flowmeter** 

Air 

999.3 ± 10.0 

792.3 ± 10.0 
651.8 ± 10.0 
502.7 ± 10.0 

994.6 ± 10.0 

794.7 ± 10.0 

646.0 ± 10.0 
499.9 ± 10.0 

Helium 

1400.0 ± 10.0 
1118.7 ± 10.0 
840.7 ± 10.0 
557.6 ± 10.0 

1413.3 ± 14.3 

1119.3 ± 14.3 

842.1 ± 14.3 

558.1 ± 14.3 

Carbon 

dioxide 

729.0 ± 10.0 

636.4 ± 10.0 

518.5 ± 10.0 

731.9 ± 7.4 
629.3 ± 7.4 
512.8 ± 7.4 


° Errors in the dry test meter flowrates are based on 
uncertainties in the time required for the flow of preset 
volumes. 

b Errors in the mass flowmeter flowrates represent 1 per- 
cent of the full scale of the meter (Full scale = 1000 seem). 

Determination of m/n Values for Test Gas 
Mixtures 

Values of m/n for various test gas mixtures were 
determined in exactly the same way as for pure 
hydrocarbons. The test gas flowrates were calculated 
by using a flowrate conversion factor computed on 
the basis of known test gas composition (ref. 9). 
These computed flowrates were in agreement with 
the values obtained by direct measurements with a 
positive displacement dry test meter. The results 
for the various test gas mixtures are summarized in 
table V. 


From the data summarized in tables IV and 
V, it is apparent that the calculated and exper- 
imental values of m/n for various types of mix- 
tures are in excellent agreement. As indicated ear- 
lier, the m/n values for the mixtures can be used 
to infer their heats of combustion. The reported 
(refs. 5 8) gross heat of combustion values for sat- 
urated hydrocarbons listed in table II were used to 
derive the following relationship between m/n values 
and heat of combustion expressed in kilocalories per 
mole: 

tt r m / m \ 2 / ra \ 3 

Heat of combustion = clq + a\ ha 2 ( — 1 + ( — 1 

n \ n ) \n } 

-(=) 4 

where 

ap = —23.2134 
ai = 91.2088 
a 2 = 2.9745 
a 3 = 0.3032 
a 4 = -0.0117 

In developing this equation, a statistical weight of 
5 was assigned to m/n = 0.2566 % 0.26 (/ = 
0; X(0 2 ) = 0.2042) to reflect the fact that the 
heat of combustion of a noncombustible mixture 
is definitely zero, whereas the heats of combus- 
tion of other mixtures are not known as accu- 
rately. A comparison between the heat of combus- 
tion values determined from experimentally observed 
m/n values and those calculated from known chem- 
ical compositions is given in table VI. It is appar- 
ent from the results summarized in table VI that the 
agreement between the experimental and the calcu- 
lated values of heat of combustion for the various gas 
mixtures is excellent. 


TABLE IV. SUMMARY OF EXPERIMENTAL AND CALCULATED m/n VALUES FOR 
SELECTED HYDROCARBONS IN AIR 

\X(0 2 ) = 0-2042] 


Test 

hydrocarbon 

Hydrocarbon 
flowrate, 0 
n, seem 

Equalizing oxygen 
flowrate, 0 
m, seem 

Carrier air 
flowrate, 0 
L seem 

m/n value 

Experimental 

Calculated 
(from eq. (6)) 

oh 4 

71.80 ± 0.72 

200.80 ± 1.00 

500.0 

2.797 ± 0.042 

2.770 

(' 2 H 6 

45.85 ± 0.46 

214.67 ± 1.00 

500.0 

4.682 ± 0.070 

4.783 

<-3H 8 

29.18 ± 0.30 

199.71 ± 1.00 

500.0 

6.843 ± 0.103 

6.796 

C' 4 H 10 

24.20 ± 0.24 

213.00 ± 1.00 

500.0 

8.801 ± 0.132 

8.809 


a The seem values are for 20° C and 101.3 kPa. The accuracies of the flowrates reflect ±1 percent of the full scale 
of the flowmeters. 
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TABLE V. SUMMARY OF EXPERIMENTAL AND CALCULATED mjn VALUES FOR VARIOUS 

TEST GAS MIXTURES 

[X(0 2 ) = 0.2042] 


mjn value 


Tost gas 
mixture, 
percent volume 

Mixture 
flowrate." 
n, seem 

Equalizing 
oxygen 
Howrate/ 1 
m, seem 

( -arrit'r 
air 

Howrate/ 1 
/. seem 

Experimental 

Calculated 6 

Binary mixtures 

50.10% Cll 4 4 49.90% C- 2 H G 
50.19% Cl L, 1 49.81% C 3 H 8 
50.40% CM., + 49.00% C 4 I1 10 
51.39% C 2 H g 4 48.01% C 4 llm 

96.00 ± 0.83 
68.70 ± 0.75 
56.18 ± 0.75 
52.58 ± 0.53 

362.3 ± 1.0 

326.4 ± 1.0 

322.0 ± 1.0 

353.0 ± 1.0 

500.0 

500.0 

500.0 

500.0 

3.774 ± 0.043 
4.751 ± 0.066 
5.732 ± 0.092 
6.713 ± 0.087 

3.770 ± 0.044 
4.783 ± 0.065 
5.789 ± 0.094 
6.740 ± 0.030 


50.13% CII 4 4- 49.87% N 2 
50.08%) OII4 + 49.92% C() 2 


100.30 ± 1.23 
100.40 ± 1.01 


1 .530 ± 0.028 
1 .527 ± 0.025 


1.517 ± 0.034 
1.515 ± 0.031 


49.92% C 2 I1 G t 50.08%, N 2 99.80 ± 1.10 252.2 ± 1.0 

49.87% C 2 H c + 50.13%, ( '( ) 2 99.90 ± 0.84 253.0 ± 1.0 


500.0 2.520 ± 0.038 

500.0 2.531 ± 0.031 


2.510 ± 0.020 
2.514 ± 0.023 


49.90% (' ;! Ha + 50.04% N 2 
49.91% (' 3 II 8 4 50.09% CP 2 

44.03% C 2 H (i + 25.88% C 3 Hg 
10.81% C 4 H„) + 5.09% C() 2 4 
13.59% N 2 


53.04% CH 4 + 20.09% C 2 I1 G 
18.42% C;jH 8 4 1.43% C() 2 4 
1.01% N 2 


50.84%, ('ll., 4- 17.12% C 2 H (i 4- 
24.87",- C 'rjlls + 3.34%, C() 2 + 
3.83",', N 2 


51.51%, (’ll., 4 21.24% C 2 II G 4 
23.82% C :) II 8 4 1.74%, C() 2 f 
1.09%, N-> 


99.90 ± 1 .05 
100.00 ± 0.78 


353.3 ± 1.0 

354.3 ± 1.0 


Complex mixtures' 


500.0 3.530 1 0.040 3.524 J- 0.021 

500.0 3.542 1 0.037 3.521 1 0.018 


39.7 ± 0.4 

199.0 i 1.0 

500.0 

5.014 ± 0.075 

49.9 ± 0.5 

198.0 i 1.0 

500.0 

3.968 1 0.060 

50.3 ± 0.5 

193.0 i 1.0 

500.0 

3.837 i 0.057 

49.2 i 0.5 

199.5 1 1.0 

500.0 

4.055 1 0.001 




3.930 ± 0.040 


"The seem values are for 20°C and 101.3 kl’a. The accuracies of the flowrates rolled 1 1 percent of the full scale ol 
t lie flowmeter. 

*’The errors in the calculated values results from errors in the mixture composition. 

The accuracies of the concentrations are of the order of i 1 percent of the values listed. 



TABLE VI. COMPARISON OF EXPERIMENTAL AND CALCULATED VALUES OF 
GROSS HEAT OF COMBUSTION AH FOR VARIOUS GAS MIXTURES 



AH , kcal/mol 

Mixture composition, 
volume percent 

Experimental 0 

Calculated 6 

Binary mixtures 

50.10% CH 4 + 49.90% C 2 H 6 
50.19% OH 4 + 49.81% C 3 H 8 
50.40% OH 4 + 49.60% C 4 Hi 0 

292.6 ±3.4 
369.5 ± 5.2 
446.3 ± 7.4 

292.2 ± 3.9 

371.1 ± 5.2 

449.2 ± 2.2 

50.13% CH 4 + 49.87% N 2 
50.08% CH 4 + 49.92% C0 2 

110.6 ± 2.2 
110.4 ± 2.2 

109.0 ± 2.8 
109.4 ± 2.6 

49.92% C 2 H 6 + 50.08% N 2 
49.87% C 2 H 6 + 50.13% C0 2 

193.0 ± 3.1 
193.4 ± 2.6 

192.2 ± 2.2 
192.0 ± 1.8 

49.96% C 3 H 8 + 50.04% N 2 
49.91% C 3 H 8 + 50.09% C() 2 

274.3 ± 3.8 
274.7 ± 3.0 

273.3 ± 1.6 
273.0 ± 1.4 

Complex mixtures 

44.63% C 2 H g + 25.88% C 3 H 8 + 
10.81% C 4 Hi 0 + 5.09% C0 2 + 
13.59% N 2 

390.1 ± 11.7 

380.6 ± 9.9 

53.04% CH 4 + 26.09% C 2 H 6 + 
18.42% C 3 H 8 + 1.43% C() 2 + 

1.01% n 2 

307.7 ± 7.8 

308.3 ± 8.0 

50.84% CH 4 + 17.12% C 2 H 6 + 
24.87% C 3 H 8 + 3.34% C0 2 + 
3.83% N 2 

297.4 ± 5.6 

305.4 ± 8.0 

51.51% CH 4 + 21.24% C 2 H 6 + 
23.82% C 3 H 8 + 1.74% C0 2 + 
1.69% N 2 

311.5 ± 8.0 

315.9 ± 8.3 


“The experimental values of heat of combustion were obtained by using the experi- 
mentally measured m/n values. The errors in these heat of combustion values result from 
errors in the m/n values. 

6 The calculated values of heat of combustion were obtained from the known mixture 
compositions. The errors in these values result from the errors in the mixture composition. 




TABLE VIE COMPOSITION OF NATURAL GAS SAMPLE 


( ’onipoiiont" 

Volume 
percent 6 

Component" 

Volume 

percent 6 

( h 4 

95.91 

<■51112 

0.10 

(’■2 Ho 

2.14 

GgIIm 

0.01 

C:,H 8 

0.87 

GO-2 

0.84 

C.|H„) 

0.20 

n 2 

0.48 


<l No measurable concentrations of (>2 or ( '5 U 1() wore* 
found in the natural gas samplr tested in this study, though 
traces of these gases have been reported in natural gas 
samples from ot her sources (ref. 7). 

6 The accuracies of t he concent rat ions art' of t lit' order of 
±2 percent of the values listed. 


Verification of Computational Procedure 

The gas selected for the verification test was 
a sample of natural gas supplied to Langley Re- 
search Center by the Virginia Natural Gas Company 
(YNG). Its flowrate (//) was measured with the dry 
test flowmeter, and the corresponding m/n value was 
determined in the manner explained earlier. The 
test gas was later analyzed by gas chromatography 
(ref. 2), and its m/n value was computed on the basis 
of its measured chemical composition, which is given 
in table VII. It should be noted that the only com- 
bustibles present in the YNG sample were saturated 
hydrocarbons. There were no measurable concentra- 
tions of 1 1 2 , 0*2, and Cr>H|()- This is consistent with 
a recent Bureau of Mines study (ref. II), in which 
it was found that the concentrations of IG, (G, and 
( 7,11 k) m almost all the nat ural gas samples analyzed 
in 1982 were < 0.1 mole percent. A comparison be- 
tween the experimental and computed tables of m/n 
is summarized in table Ylll. Also included in this ta- 
bic' are the computed and experimentally determined 
value's of the gross heal of combustion. The agree- 
ment between corresponding values is excellent. 

TABLE V!IL COMPARISON OF COMPUTED AND 
EXPERIMENTALLY DETERMINED VALUES OF 
m/n AND HEAT OF COMBUSTION FOR THE 
NATURAL GAS SAMPLE 


1 ’nrnmet er 

( 'output ed 

Experiment al 

m/n 

2.81 I O.O.'i 

2.8,7 i 0.01 

A//, kcal/ mol . . . 

2 IS. 8 t 2.2 

218.7 1 1.1 


Concluding Remarks 

A new technique has been developed for deter- 
mining heats of combustion of test gases containing 
saturated hydrocarbons. It is based on the measure- 
ment of the m/n ratio, where m is the volumetric 
flowrate of oxygen needed to enrich the carrier air in 
which the test gas flowing at the rate n is burned, 
so that the mole fraction of oxygen in the combus- 
tion product gases equals that in the carrier air. The 
m/n values are directly related to the heats of com- 
bustion of the test gases. The accuracy of t he derived 
values of heat of combustion is determined solely by 
the accuracies with which the flowrates m and n can 
be measured. At the flowrates used in the present 
study, the respective accuracies are of the order of 
1 percent. "Phis leads to an error in the heat s of com- 
bustion of the order of 2 percent . 

The heats of combustion of hydrocarbons are 
presently determined by using a constant volume 
bomb calorimeter for liquids and solids and a con- 
stant pressure flame calorimeter for gases. These 
measurements can be very accurate (<1 percent), 
since they depend mainly on the bath tempera- 
ture measurement.. However, calorimetric measure- 
ments cannot be made on-line ami require informa- 
tion about the thermal properties of the combustion 
products of the test sample. The technique reported 
here, on the other hand, is direct, can be performed 
on-line, and requires no prior knowledge about the 
exact composition of t lit' test sample. (The only as- 
sumption made regarding the composition is that 
saturated hydrocarbons are the only combustibles 
present in the test, samples.) It thus appears that 
this new technique may be more useful for field op- 
erations when' on-line measurements of the heats of 
combustion of the' test, gases are often needed. 


NASA Langley Research ('enter 

Hampton. YA 27007-7227 

October 10. 1987 
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